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In this  study,  atomic  force  microscopy  (AFM)  imaging  has been  used  to reveal  the preferential  deposition
of  organic  thin-ﬁlms  on patterned  nanoantenna  array  surfaces  - identifying  the  localised  formation  of  both
monolayer  and  multilayer  ﬁlms  of octadecanethiol  (ODT)  molecules,  depending  on  the  concentration  of
the solutions  used.  Reliable  identiﬁcation  of this  selective  deposition  process  has  been  demonstrated  for
the  ﬁrst  time,  to our  knowledge.  Organic  thin-ﬁlms,  in  particular  ﬁlms  of  ODT  molecules,  were  deposited
on  plasmonic  resonator  surfaces  through  a chemi-sorption  process  - using  different  solution  concentra-
tions  and  immersion  times.  The  nanoantennas  based  on  gold  asymmetric-split  ring resonator  (A-SRR)
geometries  were  fabricated  on  zinc  selenide  (ZnSe)  substrates  using  electron-beam  lithography  and  the
lift-off  technique.  Use  of the  plasmonic  resonant-coupling  technique  has  enabled  the detection  of  ODT
molecules  deposited  from  a  dilute,  micromolar  (1 M)  solution  concentration  - with  attomole  sensitivity
of  deposited  material  per  A-SRR  –  a value  that  is three  orders  of magnitude  lower  in  concentration  than
previously  reported.  Additionally,  on  resonance,  the  amplitude  of the  molecular  vibrational  resonance
peaks  is  typically  an  order of  magnitude  larger  than  that for the non-resonant  coupling.  Fourier-transform
infrared  (FTIR)  spectroscopy  shows  molecule  speciﬁc  spectral  responses  – with  magnitudes  correspond-
ing  to  the different  ﬁlm  thicknesses  deposited  on  the  resonator  surfaces.  The  experimental  results  are
supported  by numerical  simulation.
© 2018  The  Authors.  Published  by Elsevier  B.V. This  is  an open  access  article  under  the  CC BY  license. Introduction
The spatially localised deposition of organic thin-ﬁlms on plas-
onic nanoantenna arrays is promising, due to the potential of
uch arrays in offering a suitable interfacial platform for selec-
ive binding of biomolecules and nanoparticles over a wide range
f sensing applications, e.g. in the recognition of biomolecules
nd in cell-culture research [1–4]. With the advances in imaging
echnologies such as atomic force microscopy (AFM), the speciﬁc
eposition nature of organic thin-ﬁlms on patterned nanoantenna
rray surfaces can be further revealed. Organic thin-ﬁlms - in
articular ﬁlms of octadecanethiol (SH (CH2)17 CH3), which was
hosen as an analyte molecule because it is an important linker
olecule with a longer-chain methyl (CH3) terminal group - pro-
uce hydrophobic-ﬁlm surfaces that have reduced free-energy
nd surface contamination. Such ﬁlms produce functionalised sur-
aces that are suitable for further binding of biomolecules and
∗ Corresponding author.
E-mail address: Jharna.Paul@glasgow.ac.uk (J. Paul).
ttps://doi.org/10.1016/j.sna.2018.05.032
924-4247/© 2018 The Authors. Published by Elsevier B.V. This is an open access article u(http://creativecommons.org/licenses/by/4.0/).
nanoparticles for bio-medical and environmental applications - and
their interaction with plasmonic nanoantennas. The formation of
thin-ﬁlms from octadecanethiol (ODT) molecules on gold surfaces
through a chemisorption process is mainly driven by the molec-
ular self-assembly of energetic covalent bonding between active
sulphur and gold (S-Au) atoms. Together with the van der Waals
interaction between the alkyl chain lengths, self-assembly deter-
mines the packing density - and the terminal group deﬁnes the
functionality of the assembled ﬁlms [5,6].
The deposited material may  form mono- or multi-layer ﬁlms –
depending on various parameters, such as the assembly procedure,
the solution concentration, the immersion time and the nature of
the solvents used [5,7,8]. The thickness of a complete monolayer-
ﬁlm is approximately 2.4 nm [9], which is also the theoretical length
of an ODT molecule.
The adsorption of thiols on planar-gold substrates has been
imaged using several different microscopy techniques [10,11].
However, no direct imaging has been reported in studies of
the speciﬁc deposition nature of organic molecular ﬁlms on the
patterned plasmonic nanoantenna array surfaces. Regardless, plas-
monic nanoantennas are subwavelength structures that interact
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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ith light and subsequently give rise to localised and resonant-
nhancement of the optical intensity within a very small volume
12–14]. This enhancement facilitates the excitation of the molec-
lar bond vibrations of thin-ﬁlms deposited on the resonator
urfaces, with enhanced sensitivity of detection [1–3,9,15–26]. The
lasmonic resonances of engineered nanoantenna arrays depend
n their structural geometries and the surrounding dielectric envi-
onments – providing the opportunity to tune the resonances to
atch with those of the targeted molecular bond vibrations of
nterest. This enables the ampliﬁcation of inherently weak molec-
lar signals, through surface enhanced infrared absorption (SEIRA)
pectroscopy, for detection of deposited-ﬁlms on resonator sur-
aces from dilute solution concentrations. The plasmonic resonant
oupling approach is based on the well-known SEIRA technique
 and has been widely reported in the literature [9,15,16,18,19,23]
or detection of small numbers of moderate size organic molecules.
DT, with a molecular weight (MW)  of 286.56 g/mol [27], has
een found to provide a useful model molecule that is compa-
able in size with important biomolecules, such as the hormone
7 estradiol with a MW of 272.382 g/mol [20]. ODT has therefore
een used for characterisation in bio-medical and environmental
onitoring applications. Additionally, the shift in the plasmonic
esonance position due to the change in refractive index caused
y ODT molecular binding has been reported by Chen et al. [23].
he ODT molecules have the strongest IR active anti-symmetric
nd symmetric CH2 stretching vibrational modes at wavelengths
round 3.41 to 3.43 m (2936 to 2916 cm−1) and 3.493 to 3.51
icrons (2863 to 2850 cm−1), respectively [28].
Furthermore, asymmetric-split ring resonator (A-SRR) based
anoantennas are characteristically capable of producing sharper
esponses with multiple plasmonic resonances [29–31] - due to
heir different arc lengths, as compared with symmetric split-
ing resonators (SRRs) [15]. The inherent ﬁngerprints of many
rganic molecules appear in the mid-infrared (mid-IR) wavelength
egions, e.g. the ODT molecules studied in this work and in the
iterature [9,15,16,18,19,23], poly-methyl methacrylate (PMMA)
22,31–33], and various proteins [1–3,25] - making the plasmonic-
anoantenna array based sensor a promising candidate for mid-IR
ensing applications.
The SEIRA technique based on plasmonic-resonant coupling
or enhancement of the sensitivity of detection of ODT molecules
as ﬁrst reported by Nubrech et al. [9], followed by Cubukcu
t al. [15] - and more recently by several groups of researchers
16,18,19,23]. The SEIRA approach has been widely studied and has
hown promise for a broad range of applications in bio-medical
nd environmental monitoring. Since the ODT molecule is a well-
nown model and an important linker molecule that provides a
unctionalised surface for further binding of bio-molecules and
anoparticles, identiﬁcation of the exact deposition nature of the
DT molecules on patterned nanoantenna array surfaces is crucial,
n combination with an accurate estimation of the formation of
onolayer vs multilayer ﬁlms of ODT molecules deposited on the
esonator surfaces using different solution concentrations.
In this study, we report the use of AFM imaging to investigate
he selective deposition nature of ODT molecular thin-ﬁlms on pat-
erned nanoantenna array surfaces – clearly revealing the localised
ormation of both monolayer and multilayer ﬁlms of octade-
anethiol (ODT) molecules, depending on the concentration of
he solutions used, in conjunction with Fourier-transform infrared
FTIR) spectroscopy for molecular vibrational detection. Thin-ﬁlms
n gold A-SRR surfaces are formed through the molecular self-
ssembly procedure - using micromolar (1 M)  and millimolar
2.5 mM)  solution concentrations of ODT molecules, with contin-
ous immersion times of 24 and 3 h respectively. We  examine, in
articular, how the thicknesses and the nature of the deposition
f these ﬁlms vary with the experimental conditions. FTIR spec-tors A 279 (2018) 36–45 37
troscopy has been used to excite the vibrational ODT  molecular
signal, under both plasmonic resonant and non-resonant coupling
conditions. The resonant-coupling enables the detection of the
dilute, micromolar (1 M)  solution concentration with a monolayer
ﬁlm formation onto the resonator surfaces. Furthermore, gold A-
SRRs were fabricated on zinc selenide (ZnSe) substrates purchased
from Crystran [34] - using electron-beam lithography (EBL) and
lift-off, because ZnSe is highly transparent throughout both the vis-
ible and near-to-mid infrared regions, unlike the fused silica that is
more commonly used.
2. Materials and methods
The asymmetric-split ring resonators (A-SRRs) were mod-
elled using a commercial ﬁnite-difference time domain (FDTD)
Lumerical software package. Details regarding the modelling and
fabrication of A-SRRs, deposition of organic thin-ﬁlms, FTIR mea-
surements and AFM imaging techniques are available in the
supporting document.
3. Results
The A-SRRs had a circular basic geometry and consisted of two
different and opposite arcs separated by identical gaps of 26◦ arc-
sectors (ϕ ( = 16◦) is the angle of the asymmetry) and, with a strip
width (w)  of 100 nm, were realised on a ZnSe substrate. The same
design was used for all the fabricated A-SRR array patterns, via L-
edit software. A schematic representation of the ASRR pattern is
shown in Fig. 1(a), where d is the outer ring diameter. A-SRRs with
outer ring diameters (d) of 710 nm,  730 nm,  750 nm, and 1180 nm
were used in this work.
All transmittance spectra were measured at normal incidence
using an FTIR spectrometer i.e. with the incident electric ﬁeld (E)
excited parallel to the Y-axis direction, as in Fig. 1(a). The mea-
sured transmittance spectra for the 730 nm diameter A-SRR arrays
(red-colour), together with the simulation spectra (green-colour in
the on-line version), are shown in Fig. 1(b), where the plasmonic
responses were found to appear within the 3–5 m wavelength
spectral region.
3.1. Resonant-coupling
Following the characterisation of the A-SRRs, continuous for-
mation of the 1 M solution concentration ODT molecular-ﬁlm
was performed on the gold A-SRR array surfaces, for an immer-
sion time of 24 h. The shorter wavelength transmission minimum
in the plasmonic responses of the 730 nm diameter A-SRR array
was found to match well with the CH2 stretching vibrations of the
ODT molecules, as shown in Fig. 2 - over the narrow spectral range
around a wavelength of 3.5 m,  with an experimental measure-
ment area of 300 × 300 m2. The two dotted vertical lines highlight
the position of the ODT molecular absorption peak, in relation to
the rest of the spectrum. Even for the resonant coupling condition,
the vibrational signal from the adsorbed ODT thin-ﬁlm is hardly
discernible (over the spectral range from 2.5 to 5.5 m).  When
the spectra were magniﬁed speciﬁcally over the range from 3.3 to
3.6 m,  the symmetric CH2 stretching vibrational mode of the ODT
molecules at 3.5 m (corresponding to 2857 cm−1 in wavenumber)
became quite prominent - as shown in the inset of Fig. 2.
Fig. 3(a) and (b) show the 2-D AFM images of the 730 nm diam-
eter gold A-SRR arrays, with and without deposition of the 1 M
solution ODT molecular ﬁlm on their surfaces respectively - over
an area of 10 × 10 m2. The insets show an expanded view of the
same images. In order to ﬁnd the thickness of the deposited ﬁlm, the
images in Fig. 3(a) and (b) were manually cross-sectioned to show
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Fig. 1. (a) Schematic of an A-SRR with outer ring diameter, d (710, 730, 750, 1180 nm used in this work) and gap angle of  = 26◦ , ϕ ( = 16◦) is the angle of the asymmetry
and  the strip width, w = 100 nm and gold thickness (100 nm) was kept constant for all the
scale).  The incident light electric ﬁeld (E) is excited parallel to the Y-axis direction. (b) Co
A-SRR  arrays.
Fig. 2. Transmittance spectral response of the 1 M solution concentration of ODT
molecular-ﬁlm on the 730 nm diameter ASRR array surfaces, where the dotted ver-
tical lines show the position of the ODT adsorption peak relative to the rest of the
spectrum. The inset shows the magniﬁed spectrum of the symmetric vibrational
resonance of ODT molecules over the 3.3–3.6 m spectral region.
Fig. 3. 2-D AFM images of the 730 nm diameter ASRR arrays: (a) with - and (b) without 1 
an  area of 10 × 10 m2. The insets show expanded views of the same image respectively. A-SRR designs in L-edit and are realised on ZnSe substrate (Diagram drawn not to
mparison between the experimental and simulation data of the 730 nm diameter
the small amplitude difference in the height proﬁles, in Fig. 4(a)
and (b). Although the offsets of the traces in Fig. 4(a) and (b) are
different, the calculation of the height difference is based on an
average of 6 rows and fourteen arcs of the A-SRRs. From the AFM
data, the average thickness of the adsorbed 1 M solution concen-
tration ODT molecules was  found to be 2.34(±0.1) nm and was
calculated from the difference between the average height of the
A-SRRs with ODT molecules deposited on them - and the height of
the ASRRs alone. This value corresponds to monolayer formation of
the ODT-ﬁlm being deposited on the ASRR array surfaces – with a
thickness of approximately 2.4 nm [9]. Based on the images and the
scan proﬁles, we  conclude that, for the dilute (1 M) ODT solution
concentration, the deposited ODT molecules are mostly attached
to the A-SRR surfaces.
Based on the estimated surface packing density of the ODT
molecules, 0.222 nm2/molecule [15], the number of adsorbed
ODT molecules on the surface area (total arc surface areas plus
edge regions) of a single A-SRR is estimated to be approximately
9.4 × 105 molecules, corresponding to approximately 1.6 amol.
Using the measured thickness of 2.34 nm and the density of the
ODT molecules of 0.847 g/ml [27], the mass (density × volume)
of the molecules deposited on the volume (total area × measured
thickness) of an A-SRR was  found to be 4.15 × 10-16 g, resulting
in the estimated number of adsorbed molecules per A-SRR being
approximately 8.7 × 105 molecules, corresponding to approxi-
M solution concentration of ODT molecular ﬁlm-deposition on their surfaces, over
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Fig. 4. (a) and (b) Height proﬁles of cross-sections of the AFM images in Fig. 3(a) and (b) respectively.
Table 1
The number of adsorbed ODT molecules deposited from a 1 M solution concentration on an A-SRR and on the total number of A-SRRs over a measured area of 300 × 300
m2.
Area-based
A-SRR
diameter (nm)
Total A-SRRs
(300 × 300 m2)
ODT Packing density
(nm2/molecule)
Area of an
A-SRR (nm2)
Molecules adsorbed
per A-SRR
Molecules adsorbed on
total A-SRRs
730 42,222 0.222 209332 9.4 × 105 molecules 3.98 × 1010 molecules
1.57 × 10−18 moles (1.6 attomole) 6.6 × 10−14 moles (66 femtomole)
Volume-based
A-SRR diameter
(nm)
Total A-SRRs
(300 × 300 m2)
ODT density
(g/m3)
Volume of an
A-SRR (nm3)
Molecules adsorbed
per A-SRR
Molecules adsorbed
on total A-SRRs
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ately 1.5 amol. Detailed calculations on both the area-based and
olume-based estimates are given in Table 1.
Further experiments were performed with the higher ODT
olecular solution concentration of 2.5 mM,  for a 3 h immersion
ime - using the same continuous self-assembly procedure to
eposit the ODT-ﬁlms on the A-SRR array surfaces as before. For
hese experiments, arrays with different A-SRRs with outer-ring
iameters of 710 nm,  730 nm,  750 nm and 1180 nm were fabricated
sing the same electron-beam lithography, followed by the lift-off
echnique. The transmittance spectra of the 710, 730 and 750 nm
SRR arrays alone are shown in Fig. 5(a), over a measurement area
f 300 × 300 m2.
The molecular vibrational responses from the deposited 2.5 mM
olution concentration of ODT molecular-ﬁlms (only for three hours
mmersion) on the 730 nm diameter nanoantenna array surfaces
re shown in Fig. 5(b) - over the spectral range from 2.5 to 5.5 m
nd a measurement area of 300 × 300 m2. In this case, both the
ibrational peaks from the deposited ODT-ﬁlms are easily visi-
le (over the wavelength range from 2.5 to 5.5 m),  as compared
ith the vibrational signal shown in Fig. 2 obtained from the ODT
olecular-ﬁlm deposited from a dilute (1 M)  solution concentra-
ion (although immersed for 24 h). Additionally, the inset showing
he corresponding magniﬁed spectra with both the anti-symmetric
nd symmetric ODT vibrational peaks at wavelengths of 3.42 and
.5 m (corresponding to 2923.98 and 2857 cm−1 wavenumbers)
espectively, over the spectral region from 3.3 to 3.6 m.  Simi-
ar results were obtained on the 710 and 750 nm diameter A-SRR
rray surfaces - and are shown in the supplementary document -
n Fig. S1(a) and (b), respectively. Fig. 5(c) shows the magniﬁed
verlapping spectra from the insets in Figs. 2 and 5(b), respec-8.7 × 105 molecules 3.68 × 1010 molecules
1.45 × 10−18 moles (1.5 attomole) 6.1 × 10−14 moles (61 femtomole)
tively, for the adsorbed ODT molecular-ﬁlms on the resonator array
surfaces obtained from 1 M and 2.5 mM solution concentrations.
The symmetric ODT vibrational peak at 3.5 m from the dilute, 1
M solution concentration of ODT monolayer-ﬁlm overlaps closely
with the peak from the adsorbed ODT multilayers ﬁlm obtained
from a 2.5 mM solution concentration. For the resonant-coupling
condition, it was  estimated that the amplitude of the adsorbed ODT
symmetric peak is approximately an order of magnitude higher for
deposition from a 2.5 mM ODT solution concentration with only 3 h
immersion time - as compared with that for the dilute, 1 M con-
centration ODT solution deposition, for a 24 h immersion time. This
result implies that an order of magnitude greater peak amplitude
is achieved by using a three orders of magnitude greater solution
concentration (from 1 M to 2.5 mM)  of ODT molecules.
To evaluate the vibrational signal enhancement of the adsorbed
ODT-ﬁlms on plasmonic nanoantenna array surfaces, other exper-
iments were carried out in identical environments where the bare
ZnSe substrate was immersed in 2.5 mM concentration solution of
ODT molecules, for the same continuous immersion time of 3 h.
The spectrum from the adsorbed 2.5 mM solution of ODT  molecules
on 730 nm diameter A-SRRs, compared with that of the molecules
deposited on the bare ZnSe substrate alone, are shown in Fig. 6(a)
- over the spectral range from 2.5 to 5.5 m,  with a measurement
area of 300 × 300 m2. Due to the resonant-plasmonic coupling -
the adsorbed ODT molecular vibrational peaks (position indicated
by the dotted vertical lines) are easily visible on the nanoantenna
arrays, as compared with those of the vibrational signal of the
deposited-ﬁlms on bare substrates alone (which are hardly visible),
albeit that identical deposition conditions were used. To compare
the strength of the vibrational peaks, both spectra were magniﬁed
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Fig. 5. (a) Transmittance spectra of 710, 730 and 750 nm diameter A-SRR arrays
alone. (b) Response of the deposited 2.5 mM solution concentration of ODT
molecular-ﬁlms on 730 nm diameter A-SRR arrays, where the dotted vertical lines
show the position of the ODT absorption peaks relative to the rest of the spectra.
The inset shows the magniﬁed spectra of both ODT vibrational peaks over the 3.3 to
3.6  m spectral region. The peak at a wavelength of 4.2 m indicates the presence
of atmospheric carbon dioxide (CO2). (c) The magniﬁed overlapping spectra from
the  insets shown in Figs. 2 and 5(b) respectively for the adsorbed 1 M and 2.5 mM
solutions concentration of ODT molecular-ﬁlms on A-SRR array surfaces.
Fig. 6. (a) Comparison spectra of the 2.5 mM solution concentration of ODT
molecular-ﬁlms deposition on 730 nm diameter A-SRR array surface and on bare
ZnSe substrate surface, where the dotted vertical lines show the position of the ODT
absorption peaks relative to the rest of the spectra. The peak at a wavelength of
4.2 m indicates the presence of atmospheric carbon dioxide (CO2). (b) The magni-
ﬁed  spectra of both ODT vibrational peaks over the 3.3–3.6 m spectral region.
over the range from 3.3 to 3.6 m,  and are shown in Fig. 6(b). It is
estimated that the change in amplitude of the adsorbed ODT  vibra-
tional peaks is approximately ten times smaller for a wavelength at
3.42 m and approximately thirteen times smaller at 3.5 m vibra-
tional peak, for the deposition on the bare ZnSe substrate alone as
compared with those on the resonant A-SRR array surfaces.
Fig. 7(a) and (b) show the two-dimensional (2-D) AFM images
of the ODT molecular-ﬁlms adsorbed on the 730 nm diameter A-
SRR array surfaces from a 2.5 mM solution concentration, over an
area of 10 × 10 m2, together with a closer view over 3 × 3 m2,
together with the 3-D image is in Fig. 7(c). These images clearly
show the formation of inhomogeneous and multilayer ODT-ﬁlms
that are conﬁned almost completely to the surfaces of the ASRR
elements in the arrays - but are also, to a limited extent, in the
gaps of the A-SRRs (see Fig. 7(b)), together with some molecular
deposition on the substrate surfaces.The auto-generated scan proﬁle obtained during the build-up of
the AFM image (in Fig. 7(a)) is shown in Fig. 8(a) where the non-
uniformity in the deposited ﬁlm thicknesses is clearly visible. The
height proﬁles of cross-sections of the images in Fig. 7(a) and (b) are
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rea  of 10 × 10 m2, (b) closer view of the same part of the array over an area of 3 ×
hown in Fig. 8(b) and (c) respectively. Based on the cross-sectional
roﬁles, the minimum deposited thicknesses of the multilayer-
lms of ODT molecules on the ASRR array surfaces, obtained from a
.5 mM solution concentration, are estimated to be approximately
7 nm,  but with a maximum crystallised region height of approxi-
ately 92 nm.  The similar deposition nature of the ﬁlms is shown by
he AFM images on the 710 and 750 nm diameter A-SRR array sur-
aces, which are shown in the supporting document in Fig. S2(a)–(d)
espectively. The nature of the formation process for ODT thin-ﬁlms
n the ASRR array surfaces that has been observed in the present
ork differs from that of the targeted deposition and patterning of
MMA  analyte on SRR surfaces, as described by Sharp et al. [33].
.2. Non-resonant coupling
To compare the resonant-coupling with non-resonant coupling,
urther experiments were performed using a 2.5 mM ODT solution
oncentration in ethanol, with an identical immersion time of 3 h
ut using larger element diameter (1180 nm) A-SRR arrays. The
esonance peaks appearing at wavelength of approximately 6 to
 m are far away from the CH2 stretching vibrations of the ODT
olecules. Comparison between the experimental and simulated
ransmittance responses from the 1180 nm diameter A-SRR array
re shown in the supporting document in Fig. S3. The FTIR spectro-
copic results for the adsorbed 2.5 mM solution concentration of the
DT-ﬁlms on nanoantenna array surface, over an area of 300 × 300
m2, is shown in Fig. 9(a) - over the spectral region from 3 totion of ODT molecular-ﬁlms on the 730 nm diameter A-SRR array surfaces over an
2 with 3-D image shown in (c) respectively.
10 m.  The position of the ODT peaks are indicated by the dotted
lines displaced vertically with respect to the ODT molecules -loaded
spectrum. The ODT molecules related vibrational features are only
visible when the spectra are magniﬁed over the 3.3 to 3.6 m wave-
length region, as shown in the inset of the same Fig. 9(a). For
the non-resonant coupling in Fig. 9(a), the change in amplitude
of the ODT vibrational peaks is approximately six times smaller
for a wavelength at 3.42 m and approximately nine times smaller
for the 3.5 m vibrational peak - as compared with those for the
resonant-coupling condition (see Fig. 5(b) and also in the support-
ing document in Fig. S1(a) and (b)), for the same immersion time of
3 h. Fig. 9(b) shows the 2-D AFM image of the 2.5 mM solution con-
centration of ODT molecules deposited on the 1180 nm diameter
array surfaces over an area of 10 × 10 m2. The auto-generated
scan proﬁle obtained during the build-up of the AFM image (in
Fig. 9(b)) is shown in Fig. 9(c), where the non-uniformity in the
adsorbed ﬁlm-thicknesses is clearly visible. Furthermore, the inho-
mogeneous and multilayer deposition nature of the ODT-ﬁlms on
the non-resonant A-SRR array surfaces is similar in nature to that
of the resonant nanoantenna array surfaces - as shown in Fig. 7(a)
and also in the supporting document in Fig. S2(a) and (b). Based on
the AFM image in Fig. 9(b), the height proﬁles of cross-sections of
the image are shown in the supporting document in Fig. S4(a)–(d)
respectively. Based on the height proﬁles, the minimum and max-
imum deposited multilayer-ﬁlm thicknesses are estimated to be
approximately 17 nm and 92 nm respectively.
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Fig. 8. (a) Graphics of the scan proﬁle during the build-up of the AFM image in Fig. 7(a). (b) and (c): Height proﬁles of cross-sections of the images in Fig. 7(a) and (b)
respectively.
Table 2
An estimation of the thicknesses and amplitudes of vibrational peak of the deposited ODT molecular-ﬁlms on A-SRR array surfaces for different experimental conditions.
A-SRR outer diameter (nm) Solutions concentration Immersion Times (hours) Deposited-ﬁlm Thicknesses (nm) Amplitude (%) (3.5 m)
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t730 1 M 24 
730  2.5 mM 3 
1180  2.5 mM 3 
Estimated ODT molecular-ﬁlm thicknesses deposited for differ-
nt solution concentrations and immersion times - together with
he amplitudes of the vibrational peak at 3.5 m - are given in
able 2. Based on these estimates, we conclude that the most dense
nd crystallised deposition of the ODT-ﬁlms on the A-SRR array sur-
aces occurred for the 2.5 mM ODT solution concentration (when
mmersed for only 3 h) - in comparison with the monolayer-ﬁlm
btained from the 1 M solution concentration, for an immersion
ime of 24 h.
. Discussion
Based on the two different solutions concentration of 2.5 mM
nd 1 M of ODT molecules in ethanol, the AFM images show that
 for the dilute, 1 M ODT solution concentration, the formation
f a well-ordered monolayer-ﬁlm on the A-SRR array surfaces has
ccurred - with a calculated average ﬁlm thickness of 2.34 nm,
or the immersion time of 24 h. Whereas, deposition from the
.5 mM ODT solution concentration, with a 3 h immersion time,
ed to the formation of dense, non-uniform multilayer ODT-ﬁlms
n the A-SRR array surfaces, together with some molecular assem-
lies, non-uniformly distributed over the substrate surface (see
ig. 7(a)–(c) and also in the supporting document Fig. S2(a)–(d)
or resonant-coupling and Fig. S4(a)–(d) for non-resonant cou-
ling). For the deposition of ODT molecules from a 2.5 mM solution
oncentration, the estimated minimum and maximum ﬁlm thick-
esses of between 17 nm to 92 nm,  indicate highly the formation of
nhomogeneous and non-uniform multilayer ﬁlms on the nanoan-
enna array surfaces. Our ﬁndings disagree with the assumed2.34 0.095 (Fig. 2)
17 (min) – 92 (max) 0.89 (Fig. 5(b))
17 (min) – 92 (max) 0.107 (Fig. 9(a))
monolayer-formation of 2.4 nm thick ODT-ﬁlm deposited uni-
formly onto the resonator array surfaces, using the 2.5 mM ODT
solution, as reported by Cubukcu et al. [15]. However, Neubrech
et al. [9] had previously reported, from the deposition of 1 mM
ODT solution onto gold nanoantenna array surfaces and using the
resonant coupling condition, that 100 nm thickness of ODT layers
were required to cover the nanoantenna array surfaces to match
the theoretical simulation with their experimental results, thereby
clearly showing multilayer ODT ﬁlms formation for a millimolar
(1 mM)  ODT solution. Additionally, Kim et al. [19] have reported
an estimated average thicknesses of the adsorbed ODT-ﬁlms of
20 nm - on nanodisk array surfaces for the deposition from 1 mM
ODT solution in ethanol for 24 h. These ODT molecules were non-
uniformly assembled on the resonator surfaces, together with some
molecular-assemblies spreading over the surface of the silicon (Si)
substrate. These ﬁndings [9,19] are in accord with our ﬁndings for
the millimolar (2.5 mM)  solution concentration of ODT molecules.
Furthermore, the FTIR spectroscopy results represent the spe-
ciﬁc molecular vibrational responses related to the adsorbed
thicknesses of the ﬁlm formed on the resonator surfaces, for
the different experimental conditions used. For resonant-coupling
condition, the 2.5 mM solution concentration ODT molecular vibra-
tional signals were detected most strongly (see Fig. 5(b) and Fig.
S1(a) and (b) in the supporting document) - due to the dense and
multilayer formation of ﬁlms on the resonator surfaces. This result
was supported by the AFM imaging (see Fig. 7 and Fig. S2 in the
supporting document), albeit immersion was only for 3 h. In con-
trast, the symmetric CH2 vibrational signal from the dilute, 1 M
solution concentration deposited ODT monolayer-ﬁlm (immersion
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Fig. 9. (a): Transmittance spectra of the deposited 2.5 mM ODT solution molecular-ﬁlms on the 1180 nm diameter ASRR array surfaces. The inset shows the magniﬁed
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tpectra of both ODT vibrational peaks over the 3.3–3.6 m spectral region. (b) 2-D A
iameter A-SRR array surfaces. (c) Graphics of the scan-proﬁle during the build-up 
ime of 24 h) only became clearly prominent when the spectra were
agniﬁed over the limited wavelength region from 3.3 to 3.6 m
see Fig. 2). The number of molecules excited for the formation
f monolayer ODT-ﬁlm on A-SRR array surfaces is summarised
n Table 1. For the 2.5 mM solution concentration, the molecular
ibrational signal is approximately an order of magnitude larger
or the resonant-coupling (see Fig. 5(b) and also in the supporting
ocument Fig. S1(a) and (b)), as compared with the signal for the
on-resonant coupling conditions (see Fig. 9(a)).
Estimated thicknesses of the deposited ODT molecular-ﬁlms,
ogether with the amplitudes of the vibrational peak at 3.5 m forage showing the deposition nature of 2.5 mM ODT molecular-ﬁlms on the 1180 nm
 AFM image in Fig. 9(b).
different experimental conditions, are summarised in Table 2. The
amplitudes of the vibrational peaks (see Figs. 2, 5(b) and 9(a)) cor-
relate with the estimated thicknesses of the deposited-ﬁlms and
are supported by the traces of the AFM images shown in Figs. 4(a),
8(b) and (c) - and in the supporting document in Fig. S4(c) and
(d) respectively. With the same continuous self-assembled molec-
ular deposition process, we  have demonstrated the formation of
a monolayer-ﬁlm for the dilute, micromolar (1 M)  solution con-
centration, with a 24 h immersion time – whereas, multilayer ﬁlms
deposition was evident for the concentrated millimolar (2.5 mM)
solution concentration, with only 3 h immersion. This result is due
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o the kinetics of the molecular self-assembly process depending
ainly on the solution concentrations - and is in accord with other
ndings reported in the literature [5,6].
We have chosen a 24 h immersion time for deposition of the
 M solution concentration ODT ﬁlm on the gold A-SRR array
urfaces - following Ishida et al. [35], where the continuous for-
ation of self-assembled ODT-ﬁlms on planar gold substrates was
ound to be independent of the substrate pre-treatment conditions
or this longer immersion time. The deposited multilayer ODT-
lms, in our case, on the patterned plasmonic nanoantenna array
urfaces in the present work [36] - and also on continuous unpat-
erned planar-gold surfaces [5] - are found to be stable for a long
ime (over several months). This property makes such nanoantenna
rrays a versatile supporting platform for further binding experi-
ents on biomolecules in their native biological environment [3] -
r in electronics industry applications [37], where a high density of
ssembled-molecules is required for the creation of electronic com-
onents. We  have realised the plasmonic nanoantennas on high
efractive index (∼ 2.43 at 5.8 m wavelength) [34] and transpar-
nt ZnSe substrates because ZnSe is highly transparent throughout
he near to mid-IR spectral region. The plasmonic resonances of
he engineered nanoantenna with larger diameters A-SRR array
nscribed on ZnSe substrates are signiﬁcantly red-shifted within the
id-IR spectral region (as shown in Fig. 9(a)), where the vibrational
ackground of the protein molecules appears, which is of interest
or future work. Other relevant possible application areas are in
ell-culture research, bio-medical engineering and environmental
ensing etc.
. Conclusions
To our knowledge, we  have imaged, for the ﬁrst time, both
onolayer and multilayer deposition of the ODT-ﬁlms on the
-SRR array surfaces corresponding to different ODT solution con-
entrations and immersion times. The estimated ﬁlm-thicknesses
orrelate with the amplitude of the molecular resonance peaks,
ased on surface enhanced infrared absorption (SEIRA) spec-
roscopy - and these estimates are also supported by the AFM
races. The use of resonant structures allow an increase in sensitiv-
ty with an order of magnitude over the non-resonant structures,
nder identical experimental conditions. The plasmonic resonant-
oupling technique has enabled us to detect the monolayer
DT-ﬁlm adsorbed on the resonator array surfaces after prolonged
mmersion in a dilute, micromolar (1 M)  solution concentration –
hich is three orders of magnitude lower in concentration than pre-
iously reported [9,15,16,18,19,23] and with attomole sensitivity of
eposited material per A-SRR. Additionally, multilayer deposition
f ODT-ﬁlms were identiﬁed using the higher, millimolar (2.5 mM
olution concentration) with a short immersion time.
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Appendix A. Supplementary data
Supplementary material related to this article can be found,
in the online version, at doi: https://doi.org/10.1016/j.sna.2018.05.
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